We investigated the task-specific role of eye and head movements as a compensatory strategy in patients with homonymous visual field deficits (HVFDs) and in age-matched normal controls. All participants were tested in two tasks, i.e. a dot counting (DC) task requiring mostly simple visual scanning and a cognitively more demanding comparative visual search (CVS) task. The CVS task involved recognition and memory of geometrical objects and their configuration in two test fields. Based on task performance, patients were assigned to one of two groups, ''adequate" (HVFD A ) and ''inadequate" (HVFD I ); the group definitions based on either task turned out to be identical. With respect to the gaze related parameters in the DC task we obtained results in agreement with previous studies: the gaze pattern of HVFD A patients and normal controls did not differ significantly, while HVFD I patients showed increased gaze movement activity. In contrast, for the more complex CVS task we identified a deviating pattern of compensatory strategy use. Adequately performing subjects, who had used the same gaze strategies as normals in the DC task, now changed to increased gaze movement activity that allowed coping with the increasing task demands. Inadequately performing patients switched to a novel pattern of compensatory behavior in the CVS task. Different compensatory strategies are discussed with respect to the task-specific demands (in particular working memory involvement), the specific behavioral deficits of the patients, and the corresponding brain lesions.
Introduction
Movements of eye and head (i.e. gaze), together with attentional shifts are a key element of visual behavior in complex environments. Patterns of gaze shifts will depend on a number of factors, including the size and layout of the visual field, central visual processing capacities, short-term and long-term memory, and specific task demands. Generally, the efficiency of gaze movement strategies is determined by the acquired perceptual database (see Boothe, 2002) and the adequacy of this database for the current task. Studies with patients suffering from visual field deficits are instrumental in assessing the gaze strategies and their adaptation to reduced information intake and maybe reduced processing capacities. As compared to healthy subjects, patients' strategies may differ with respect to scanpath pattern and memory involvement, leading to various levels of functional compensation. In this study, we investigated the functional compensation achieved by homonymous hemianopes and the dependence of the used gaze strategies on tasks constraints and visual field limitations.
Patients with homonymous visual field defects (HVFDs) are impaired by a restricted visual field due to scotomas caused by unilateral post-chiasmal brain damage (Zihl, 1994) . Common causes are cerebrovascular accident, traumatic brain injury, and tumors (e.g. Kerkhoff, 1999; Zihl, 2000) . The visual system of these patients lacks up to one hemifield (in case of complete homonymous hemianopia). Consequently, these patients have difficulties in reading (e.g. McDonald, Spitsyna, Shillcock, Wise, & Leff, 2006; Zihl, 1995a) , may collide with obstacles on the affected side (Zihl, 2000) , and generally have problems to comprehend entire visual scenes at a glance.
However, some hemianopic patients are able to compensate for the visual limitation, at least to a certain extent, by performing additional, adaptive eye and head movements leading to an efficient use of the remaining visual field. Ishiai, Furukawa, and Tsukagoshi (1987) describe one obvious adaptation used by hemianopic patients. When viewing simple pattern, normal controls focus mainly to the centre of a display while hemianopic patients concentrate on the side of their visual field defect. The shift of the fixation point towards the hemianopic side brings more of the visual scene into the seeing hemifield (Gassel & Williams, 1963 Furthermore, Meienberg, Zangemeister, Rosenberg, Hoyt, and Stark (1981) identified different compensatory strategies in HVFD patients when faced with simple visual targets which were presented in a predictable or unpredictable fashion. In more detail, compensatory effects identified in many studies showed that patients spend more (search) time in the stimulus half corresponding to their visual loss, perform generally more saccades but with decreased amplitudes when directed into the area of the visual loss, and differed therefore in their scanpath pattern as compared to healthy subjects (e.g. Kerkhoff, 1999; Pambakian et al., 2000; Tant, Cornelissen, Kooijman, & Brouwer, 2002; Zangemeister, Meienberg, Stark, & Hoyt, 1982; Zangemeister & Oechsner, 1996; Zihl, 1995b Zihl, , 1999 Zihl, , 2000 . Also in visual search tasks, hemianopes exhibited longer total search times, shorter and more frequent fixations, and shorter saccades than healthy subjects (Chedru, Leblanc, & Lhermitte, 1973; Machner et al., 2009 ). Overall, the HVFD patients' bias toward the blind hemifield has been suggested to be a compensatory strategy that aims to partially overcome the loss of input from the affected side (Zihl, 1995b) .
With the introduction of a visual sampling task (i.e. the dot counting paradigm, see below), Zihl (1995b) was able to subdivide the investigated collective of patients into two groups, depending on whether their search time exceeded the highest value found in the group of normal subjects (these patients were denoted as ''pathologic hemianopics") or not (this group was denoted as ''normal hemianopics"). Interestingly, for the ''normal hemianopics" the author identified effective search patterns comparable to healthy subjects. In contrast, the scanpaths of the ''pathologic" group were significantly longer and showed a higher number of fixations not only in the affected but also in the ''intact" hemifields. Furthermore, it was concluded (Zihl, 1999 (Zihl, , 2000 that the presence, time since, and severity of the HVFDs could not sufficiently explain the observed scanning deficit, and that additional factors are crucial for explaining the impaired oculomotor scanning. In general, it seems that patients with the same amount of visual field loss, as assessed by perimetry, show different degrees in their functional compensation and behavioral performance.
In the majority of studies concerning the oculomotor compensatory behavior, the stimuli were presented on computer screens and were therefore limited in field of view. The most prominent paradigm used to objectively and quantitatively assess oculomotor compensational behavior is the dot counting task introduced by Zihl (1995b Zihl ( , 1999 Zihl ( , 2000 . This counting task assesses the process of visual scanning without the primary involvement of more complex visual functions (Zihl, 1999) .
Little is known about the visual exploration strategies applied by individual patients when dealing with different and cognitively more demanding tasks. Such studies are needed to understand the way how the visual system chooses among different compensation strategies and to better evaluate the performance of hemianopic patients. Therefore, the main focus of the present study was to investigate the task performance and the gaze related strategies of patients with long lasting homonymous hemianopia in two visual experiments differing in their demands concerning visual processing. We established an innovative experimental setup with a large projection display (i.e. full field of view) and simultaneous measurements of eye and head movements. In the first experiment, we used a dot counting task with an enlarged stimulus size as compared to the original setup (cf. Zihl, 1995b) . The aim of this experiment was to validate the new setup with a standard paradigm and to extend previous results including the oculomotor compensation strategies (Zihl, 1995b (Zihl, , 1999 to larger fields of view. The second experiment used a comparative visual search task (Hardiess, Gillner, & Mallot, 2008; Pomplun et al., 2001 ) as a more cognitively challenging paradigm. In this paradigm two almost identical stimulus hemifields (i.e. cupboards filled with geometrical objects) have to be explored in order to find the number of differences between them. For both experiments, two patient groups were defined according to task performance. While previous group classifications were based on comparisons of the performance of patients with healthy controls (Zihl, 1995b) or on patients' behavior in everyday life (Zihl, 1999) , we developed a procedure based only on intrinsic task performance (i.e. error rate and response time) in each experiment. For the resulting patient groups, task performance together with the applied gaze strategies was analyzed and compared to the results from healthy controls in order to identify functional compensation patterns employed by the HVFD patients. We will point out that patients of both groups show different degrees and strategies of visual compensation in the different tasks. These differences are discussed in terms of brain lesions and cognitive task demands.
Methods

Experimental setup
To enable standardized and completely programmable experimental environments, all experiments were performed applying virtual reality (VR) technology programmed in C++ using OpenGL Ò libraries. The computed VR stimuli were presented on a large, curved projection screen as shown in Fig. 1 . The geometrical shape of the projection screen was that of a conic shell with a vertical axis, an upper radius of 1.83 m, and a lower one of 1.29 m. Subjects were seated upright with their back tightly at the chair and with their head in the axis of the conical screen (eye level was adjusted at 1.2 m with 1.62 m screen distance). The screen provided a horizontal field of view of 150°and a vertical one of 70°(45°down-wards plus 25°upwards). To illuminate the whole projection screen, two video projectors each with 1024 by 768 pixel resolution and a fixed 60 Hz frame rate were used. The light in the experimental lab was dimmed nearly to complete darkness to avoid disturbing cues from the surround.
The projection setup was running on a 2.6 GHz PC under Linux RedHat 9.0 as operating system (graphic card: NVIDIA Ò Quadro4 Ò 980XGL with dual video projector connection). The spatial resolution of the generated images was 2048 by 768 pixels. The SGI Ò OpenGL Performer™ was used to render the virtual environments as well as to handle the programs for the experimental tasks. Eye-in-head movement recordings were realized with an infrared light based, head mounted and lightweight eye tracker (bright pupil type, model 501 from Applied Science Laboratories, Bedford, USA). The tracker uses the pupil-corneal-reflection method and enables an accuracy two degrees or better, depending on the eccentricity of the eye position. Real time delay was 50 ms. To record head-in-space movements, an infrared light based tracker system (ARTtrack/DTrack from ART GmbH, Weilheim, Germany) with 6 degrees of freedom, 0.1°accuracy, and a real time delay of 40 ms was used. A configuration of four light reflecting balls fixed to the eye tracker device and thus to the head (see Fig. 1 ) provided the tracking target for the head tracking system. Both trackers had a fixed temporal sampling frequency of 60 Hz. The online position recordings from eyes and head were transmitted via socket connection to an experimental PC for storage.
Experimental tasks
Dot counting
Visual sampling was assessed using the dot counting (DC) task introduced by Zihl (1995b) . This task probes pure visual sampling without any further (top-down) identification of the stimulus material (Zihl, 1999) , or the primary involvement of other complex high-order visual functions (Tant et al., 2002) . The memory demands during the DC task are small and restricted to spatial memory of the scanpath.
To perform the DC task in the present study, subjects had to scan consecutively three different dot patterns. Each pattern included 20 bright dots scattered randomly over the projection screen. The background color was dark grey. The dots were presented within a field of 60°horizontally by 40°vertically; this differs from the original study (Zihl, 1995b (Zihl, , 1999 where 40°by 32°w ere used. All dots were arranged with a minimal spatial separation of 7°and the diameter of a single dot was 54 min of arc. For reasons of comparability with Zihl's work, only eye movements were allowed and recorded whereas head movements were restricted by using a chin rest.
Subjects were instructed to scan the pattern and to count dots in silence as quickly and reliably as possible and to terminate each trial by pressing a button on a joystick. Afterwards they were asked to report verbally the number of dots. No instruction was given how to proceed during scanning. Each trial started with the fixation phase to the fixation cross (see below) after pressing the joystick button.
Comparative visual search
Comparative visual search (CVS) requires observers to sample, identify, store, and compare corresponding portions of two display halves, which involves processes such as visual search, eye movements, and visual working memory (Gottlob, 2006) . CVS differs from (non-comparative) visual search in the way in which distracters are defined: In (non-comparative) visual search, targets are distinguished from distracters by some physical (bottom-up) feature dimensions which may be pre-attentively apparent as in feature search, or may require a minimal set of computations as in conjunction search (Wolfe, 1994) . In contrast, CVS target pairs can be identified only by comparison of the display halves, requiring memory and gaze shifts. Targets are defined by a lack of correspondence across the two halves of the display. Thus, this task addresses a number of components tested neither by the DC task nor by standard visual search, including: (i) storage of a collection of objects or features in visual working memory, (ii) gaze movements to acquire ''snapshots" for the purposes of comparison, and (iii) a ''comparator mechanism" to signal when corresponding items differ in shape and/or color. In conclusion, we argue that CVS involves visual working memory much more than visual search or counting of dots.
In the present CVS paradigm (cf. Hardiess et al., 2008; Pomplun et al., 2001) , two cupboards equally filled with simple objects in four geometrical shapes (triangles, circles, diamonds, and squares) and four different colors (green, blue, yellow, and black) were used as stimuli (see Fig. 2 ). Each cupboard included 20 objects in four shelves. Each shelf included five objects in a row and one cupboard subtended 30°of the subjects' horizontal field of view. The diameter of each object was 3°, the horizontal separation between two objects was 5°, and the vertical separation between shelves was 11°. The horizontal separation between the centers of both cupboards was 60°(±30 distance from the subject's straight ahead direction).
The object configuration in the two cupboards was either completely equal (zero target condition) or differed at one or two positions (one and two target conditions, respectively). Target objects differed in shape only whereas all other object pairs had identical features (functioning as distracters). A maximum number of two targets were introduced, to avoid premature trial completion. Since subjects did not know the number of targets, they could not terminate the comparative search after detecting the first target. A complete cupboard task session consisted of 21 trials presented in random order (three target conditions Â seven repetitions). The object configuration regarding targets and distracters was randomized for each trial. Contrary to the DC task, subjects were free to move their head together with eyes to find the number of targets (i.e. zero, one, or two) as quickly and reliably as possible. No instruction was given how to proceed with searching. Subjects had to terminate each trial by pressing a joystick button and reported the number of targets verbally. Each trial started with a fixation phase to the fixation cross (see below) after pressing the button. Participants were free to take breaks in between trials if desired.
Procedure
Subjects were seated in the chair and the eye tracker was calibrated by displaying a 9-point calibration pattern on the projection screen. For the procedure, head movements were prevented with a chin rest. The target for head movement tracking was calibrated also with fixed head. After completion of the calibration procedure, subjects started to perform the DC paradigm. During the task the head remained on the chin rest to avoid head movements. Immediately after finishing the first experiment, subjects had to proceed with the CVS experiment. For that task the head was set free and unrestricted head movements became also possible. In both paradigms, each single experimental trial started with a five second fixation phase during which a fixation cross was displayed at eye level (1.2 m elevation) in the center of the projection screen (point of origin, cf. Fig. 2 ). During this phase participants had to rotate the head to align the naso-occipital axis with the fixation cross (automatically assured by chin rest in DC task), followed by fixating the cross with the eyes. All gaze (eye movement and heading) measurements are reported relative to this point of origin. After the fixation phase the cross disappeared automatically and the dots (in case of the DC task) or the two cupboards (in case of the CVS task) became visible.
Subjects
Twelve homonymous visual field defect (HVFD) patients without visual neglect (age: 45.2 ± 16.1 mean ± SD, range: 22-71 years; see Table 1 ) and twelve normally sighted control subjects (age: 44.4 ± 15.8 mean ± SD, ages in ascending order : 20, 24, 27, 30, 40, 41, 42, 45, 50, 64, 65 , and 66 years) participated in this study. Patients were recruited from the Department of Neuroophthalmology at the University of Tübingen (Germany), the University Neurology Clinic of Tübingen, as well as the Neurology Clinic of Burger Hospital in Stuttgart and the Bad Urach Rehabilitation Centre. All patients had normal function of the anterior visual pathways, as evaluated by orthoptic and ophthalmologic tests (fundus and slit-lamp examinations). Best corrected monocular visual acuity was at least 16/20 (near and far). Patients with unilateral visual hemi-neglect were excluded from the study by testing horizontal line bisection (Stone, Halligan, Wilson, Greenwood, & Marshall, 1991) , copying of figures (Johannsen & Karnath, 2004) , reading ability, and by means of the ''Bells test" (Gauthier, Dehaut, & Joannette, 1989) . Furthermore, the patients investigated in this study showed no evidence of cognitive decline, aphasia, apraxia, visual agnosia, or physical impairment. Clinical and demographic data of all patients are summarized in Table 1 . After the visual field evaluation (see below) patients were interviewed about their everyday life difficulties using the standardized 25-item National Eye Institute (NEI) Visual Function Questionnaire (VFQ-25, version 2000; see Mangione et al., 1998 Mangione et al., , 2001 . The NEI-VFQ-25 focuses on the influence of visual disability and visual symptoms on generic health and task-oriented domains related to daily visual functioning. The questionnaire includes twelve vision-targeted subscales (i.e. eleven subscales related to vision: global rating, difficulty with near activities, difficulty with distance activities, limitations in social functioning, role of limitations, dependency on others, mental health symptoms, driving difficulties, limitations with peripheral and color vision, ocular pain; and one general health rating item). Subscales are scored on a 0-to 100-point scale in which 100 indicated the best possible score on the measure and 0 the worst. The composite NEI-VFQ-25 score was the mean score of all items except for the general health item.
Normal-sighted control subjects were recruited from the Department of Neuroophthalmology at the University of Tübingen and were in many cases patients' relatives. They had normal or corrected to normal vision, normal-appearing fundus, normal visual fields, normal orthoptic status, and no physical or cognitive impairment. The research study was performed according to the Declaration of Helsinki and was approved by the independent ethics committee of the University of Tübingen (Germany). Following verbal and written explanation of the experimental protocol each subject gave their written consent, with the option of withdrawing from the study at any time.
Visual field evaluation and brain lesion analysis
Assessment of the patients' visual fields was carried out by monocular supraliminal automated static perimetry within 30°-area, binocular supraliminal automated static perimetry within 90°-area as well as binocular semi-automated 90°kinetic perimetry obtained with the OCTOPUS 101-perimeter (Fa. HAAG-STREIT, Koeniz, Switzerland). Visual fields of control subjects were assessed with binocular supraliminal automated static perimetry within 90°-area and binocular semi-automated 90°kinetic perimetry. A summary of all perimetric and MRI results of all patients is given in Table 7 .
For analysis of the brain lesions, patients' lesions were mapped on normalized brain scans using MRIcro software (Rorden & Brett, 2000) and SPM5 (Statistical Parametric Mapping, http://www.fil. ion.ucl.ac.uk/spm). MRIcro software was used to map the lesion on transversal slices of the T1-template MRI from the MNI (www.bic.mni.mcgill.ca/cgi/icbm_view) distributed with MRIcro. For anatomic analysis the left-sided lesions were mirrored and superimposed on the right side of the brain template. For each group of patients (i.e. HVFD I and HVFD A ), lesions were overlapped onto the template brain. Subtraction plots directly contrasted HVFD I and HVFD A patients. Since subtractions were made between groups of different sizes proportional values were used. Finally, mask analysis was performed in order to indicate regions that are more frequently damaged in HVFD I patients than in HVFD A patients. Dt -time since brain lesion and neuro-ophthalmological examination; Type of HVFD -characterization of homonymous visual field defect (HH: homonymous hemianopia, QA: quadrantanopia, c: complete, i: incomplete); A-HVFD -area of the visual field loss in the binocular visual field for stimulus III/4e; A-SPAR -area of the spared visual field in the affected hemifield for stimulus III/4e; D -minimum linear distance between the central fixation point and the defect border; RT -perimetric reaction time.
Data analysis and statistics
The MATLAB Ò software (MathWorks Company, Natick, USA) was used to analyze the recorded experimental data. Based on head and eye tracking data, the gaze vector was calculated in angles with an azimuth and an elevation component (a and b, respectively) with respect to the point of origin (see Fig. 2 ). Thus, the gaze vector includes both the head-in-space and the eye-in-head vectors. Object fixations were defined as sections of the gaze trajectory where gaze velocity did not exceed 100°/s for at least 120 ms. A gliding window procedure was used to distinguish such gaze fixations (stable gaze position related to the processed stimulus region) from gaze saccades (cf. Hardiess et al., 2008) .
Task performance was quantified in terms of response times and error rates. In the DC task, error rate was defined as the unsigned difference of the reported and true dot number (20) in percent. In the CVS task, we distinguish two types of error, miss and false alarm, corresponding to a lower or higher number of reported targets than were actually presented. Misses and false alarms will be pooled to a total error rate.
To compare patient's ability to solve the two experimental tasks, a rank order was calculated based on the two task performance parameters response time and error rate independently. To get the final rank order, both rank numbers (i.e. for error rate and response time) were multiplied and the results of all 12 patients were ordered consecutively from 1 (i.e. best task performance) to 12 (i.e. worst task performance). In order to compare the patients task performance with their statements related to the quality of life questionnaire (VFQ-25; cf. Papageorgiou et al., 2007 ) the calculated final scores of the VFQ-25 were also ranked from 1 (i.e. best quality of life) to 12 (i.e. worst quality of life).
A distinction between adequate and inadequate patients was made with the median splitting method. Independently for each task both performance parameters (i.e. error rate and response time) were used to span a two dimensional co-ordinate system (see Figs. 3 and 4) . All 12 data points from the patients' experimental performance were mapped into this system. The medians of both parameters were used to divide the co-ordinate system into four quadrants. Patients with error rate and response time above the respective medians (upper right quadrant) were assigned to the ''inadequate" group while all remaining patients constitute the ''adequate" group (HVFD I and HVFD A , respectively). Contrary to previous grouping methods (cp. Zihl, 1995b Zihl, , 1999 , the median splitting approach employs an intrinsic criterion based on the patients' own data rather than on a comparison with the healthy subjects' performance. Only after separating patients into two groups the task performance comparisons between each of these groups and the control subjects were analyzed.
Parametric statistics were applied for the majority of the data. For some variables lacking standard distribution, data were transformed via log 10 (x) operation to reach normally distributed values. For all other variables nonparametric statistics were applied.
Results
Task performance analysis
Rank comparisons
The task performance values for all subjects represented by the parameters error rate and response time are plotted in Fig. 4 . The dotted lines indicate the medians for error rate and response time of the homonymous visual field defect (HVFD) patients. Also the assigned rank number (from 1 to 12) determined independently for each task (see below) is plotted for each subject. Interestingly, the data distributions of patients and controls overlap to a great extend for the dot counting (DC) task. Only three patients performed with a higher error rate than controls whereas no differences regarding response time are apparent. In contrast, in the comparative visual search task (CVS), the data distribution of all control subjects was localized within the lower left quadrant. Hence, the overlap between patients and control was much less in this task (see Fig. 4, right side) . Additionally, the data distribution of patients in the CVS paradigm showed an increased variance compared with the controls. In both tasks, the same four patients (ECG, ULH, ANE, and AIH) cluster in the upper right quadrant, leading to identical adequate and inadequate groups for both tasks. However, the two groups appear clearly separated in the CVS tasks whereas the patients' data in the DC task are organized rather continuously.
To enable a comparison between the homonymous hemianopes' task performance in the DC and in the CVS task, all 12 patients were ranked independently for each task (cf. Section 2.6). These ranks show a significant correlation (Rho-S = 0.63, p < 0.05; see Fig. 5 ). This analysis also confirms the definition of the ''inadequate" group initially derived from the un-ranked performance data (grey disk in Fig. 5 ). Fig. 6 shows the relation between functional deficits (task performance) and reported quality of life parameters (VFQ-25), expressed in terms of the respective ranks. For both experimental tasks, weak but not significant statistical relations were found (Rho-S = 0.48 for the DC task and Rho-S = 0.29 for the CVS task comparison).
Task performance comparisons
Interestingly, the group of HVFD A patients accomplished the DC task with the same performance level as control subjects, as judged from both, error rate and response time (see Fig. 7A and C) . In contrast, statistical analysis confirmed that HVFD I patients performed significantly worse than controls with respect to error rate (p < 0.05, two-sided Mann-Whitney-U test; cf. Fig. 7A ) and response time (F(2, 60) = 6.32, MSE = 11.63, p < 0.01, eta 2 p = 0.17; post-hoc comparison between controls and HVFD I subjects, p < 0.01; cf. Fig. 7C ). In the CVS task, the comparison between each Fig. 3 . Scheme for illustrating the median splitting method. The both task performance variables error rate and response time span a two dimensional coordinate system. Independently for each task the data of all 12 HFVD patients were added to this system. The medians of the patients data related to error rate and response time divide the sample into four quadrants. All patients whose data points are located into the quadrant labeled as above median ER and RT fall into the patients group called HVFD I . All other patients are grouped to HVFG A . patient group and the controls showed that HVFD I patients made more errors than controls (p < 0.01, two-sided Fisher's exact test), whereas the error rate of HVFD A patients was similar to that of controls (see Fig. 7B ). However, the analysis of variance of response time between the three subject groups revealed a significantly increased search time for the two patient groups (F(2, 501) = 59.84, MSE = 22.34, p < 0.001, eta 2 p = 0.19; see Fig. 7D ). Tables 2 and 3 show the errors in more detail. For the DC task (Table 2) , the normals tended to overcount the number of dots while both patient groups underestimate the dot number. This tendency is most pronounced in the HVFD I patients. Table 3 shows the proportions of different error types within the total number of errors for all groups concerning the CVS task. No obvious differences in error distribution were found between these groups. The most common error for all subjects was a miss error when in fact there were two targets presented. False alarm errors when no target was presented occurred fewest of all.
Scanpaths
The difference between HVFD A and HVFD I patients concerning task performance became also evident in their respective scanpath patterns. Fig. 8 shows representative recordings of individual scanning patterns in a normal subject, in a HVFD A , and in a HVFD I patient for both tasks. In the DC task there are no apparent differences regarding the scanpaths between the normal subject and the adequately performing patient (see Fig. 8A and B) . Both participants showed a systematic scanning behavior covering the stimulus field but not fixating each individual dot. In contrast, the HVFD I patient (cf. Fig. 8C ) performed with a highly increased number of small saccades. The scanpath appears rather un-systematic and time-consuming. For the CVS task, similar differences were found (see Fig. 8D-F) . However, due to a rather organized layout of the geometrical objects within the shelves, all subjects applied an overall structured search pattern. This pattern type was also apparent for the HVFD I patient (see Fig. 8F ), but with a larger number of fixations and an increased positional scatter. In comparison, the HVFD A patient showed an organized scanning pattern similar to that of the unimpaired normal subject (cf. Fig. 8D and E) .
Gaze performance analysis
Dot counting
To identify the strategies used for visual field compensation in both patient groups, relevant oculomotor parameters were calculated and compared with the data of the control group (Fig. 9) . Fig. 4 . The two task performance parameters error rate and response time plotted separately for each task (left: dot counting, right: comparative visual search) and for all subjects (grey circles: HVFD patients, black circles: normal subjects). The numbers within or beside each circle denote the given rank number calculated separately for each task and for the two subject groups. For reasons of comparison patients' labels are presented beside the circles. For a better overview, all statistical results related to the analyzed oculomotor parameters are summarized in Table 4 .
In comparison to normal controls, HVFD I patients showed an increased number of fixations (Fig. 9A) , a higher proportion of fixations towards the impaired visual field (Fig. 9B) , increased total scanpath length (Fig. 9C) , and a higher proportion of refixations (calculated as the number of fixations made within 1°of an earlier one; Fig. 9D ). Tendencies for increase fixation duration (Fig. 9E ) and smaller saccadic amplitudes (Fig. 9F ) are apparent but did not reach significance. In contrast to the HVFD I patients, HVFD A patients showed no significant differences from the normal controls in any of the investigated parameters.
Comparative visual search
For the CVS task, we considered the same gaze parameters as before, except for the fixation repetition rate which seems to be of little interest given the narrow spacing of target objects in the ''shelves" stimulus. Instead, the number of gaze shifts between the two stimulus halves (cupboards) was evaluated as an indicator for working memory involvement (Fig. 10D) . The statistical results for all gaze parameters are summarized in Table 5 . Unlike the DC task, the cognitively more demanding CVS task leads to significant effects also for the HVFD A patients, including increased fixation number (Fig. 10A ), increased scanpath length (Fig. 10C) , and decreased saccadic amplitude (Fig. 10F ). For the HVFD I patients, the effects of fixation number (Fig. 10A ) and proportion of fixations to impaired visual field (Fig. 10B ) are reproduced. As additional effects, we found increased fixation duration (Fig. 10E ) and decreased saccadic amplitudes (Fig. 10F ). For the scanpath length, the performance pattern of the three groups differed from the pattern found with the DC task. For this parameter, we found an increase in the HVFD A patients but not in the HVFD I patients (Fig. 10C) . Here, the normal values for overall scanpath length together with the simultaneous increase in fixation number may be explained by the reduced number of long distance, inter-hemifield gaze shifts reported for the HVFD I patients but not for the HVFD A patients in Fig. 10D . In the free-head comparative visual search task all subjects performed maximum head movements in a range of ±3°and ±20°. The average maximum amplitudes were larger for HVFD I patients (14.13 ± 8.0 mean ± SD), while for HVFD A patients they were within a range (8.89 ± 4.78 mean ± SD) similar to the one of normal subjects (9.12 ± 5.0 mean ± SD). Interestingly, all HVFD I patients showed significant differences for maximum head amplitudes to the left and right side (see Fig. 11 ). In more detail, the three left sided HVFD I patients (i.e. ECG, ANE, and ULH) used larger head movements to the left, while the only right sided HVFD I patient (AIH) displayed larger amplitudes to the right. This effect of different maximum head amplitudes between movements to the left and to the right could not be obtained for the majority of the HVFD A patients (see Fig. 11 ). Only three patients from this group (FRH, ARJ, and CKF) showed significantly different amplitudes but the effect sizes (between 0.62 and 0.82) were relatively low compared to those of the inadequate patient group (between 2.21 and 3.53). Five of the HVFD A patients showed no asymmetry in head movement amplitude.
Lesion analysis
Seven out of eight HVFD A patients had left-sided brain lesions, while three out of four HVFD I patients had right-sided brain lesions. MRI scans were available for six out of eight HVFD A patients and for three out of four HVFD I patients (see Table 7 ). In order to identify the anatomic structures that might be affected in HVFD I patients but spared in HVFD A patients, overlapping, subtraction and mask lesion analyses were performed using the MRIcro software (Fig. 12) . Fig. 12 illustrates simple lesion overlay plots for the group of HVFD A patients (Fig. 12A ) and the group of HVFD I patients (Fig. 12B) respectively. In the subtraction analysis the superimposed lesions of the HVFD A group were subtracted from the HVFD I group, revealing percentage overlay plots (Fig. 12C) . The focus of the subtracted lesion overlap (yellow and light orange) occurs at mesio-ventral areas of the temporal lobe (i.e. the fusiform gyrus) and the inferior occipital lobe, that are damaged at least 60% more frequently in HVFD I patients than in HVFD A patients (Fig. 12C) . The subsequent mask analysis, which identifies deficits that are unique to HVFD I patients, confirms this finding and reveals additional involvement of the parahippocampal gyrus (Fig. 12D) .
Discussion
The purpose of the present study was to compare the compensatory gaze strategies of hemianopes occurring in two visual scanning tasks with different cognitive and visual processing demands. The results show (i) that patients can be grouped on the basis of task performance and that the assignment to the adequate and inadequate groups correlates between the different tasks; the performance level of the adequate group is not significantly different from that of normal controls. Grouping also correlates with the patients' brain lesions with more occipital lesion sites in the HVFD I patients. (ii) Compensatory gaze movements alone do not explain the performance differences between the two groups. In the dot counting (DC) task, HVFD I patients show longer and more detailed scanning behavior without reaching the performance level of normals or of HVFD A patients, who solve the task without obvious gaze adaptation. (iii) In the two tasks, different patterns of compensatory gaze movements are found. While HVFD A patients show no compensatory movement in the DC task, they turn to such behavior in the comparative visual search (CVS) task. HVFD I patients seem to switch to different compensation strategies in the CVS task. We suggest that this is related to an increased working memory involvement.
Differences in task performance among HVFD patients
Following the classification approach of Zihl (1995b Zihl ( , 1999 we divided the collective of HVFD patients into two groups (i.e. HVFD A and HVFD I patients; A = adequate task performance, I = inadequate task performance). But, instead of relating the patients' task performance to that of healthy controls (cf. Zihl, 1995b) or using their behavior in everyday life evaluated by questionnaires (cf. Zihl, 1999) , we split up the patients based on their intrinsic task performance (i.e. error rate and response time) in both experiments. Interestingly, the majority of HVFD patients could reach adequate performance (i.e. HVFD A patients) and only 33% of our subjects were assigned to the HVFD I patient group. This is in line with the results from Zihl (1995b Zihl ( , 1999 who could identify a high number of adequately performing patients as well. In these investigations about one half of the subjects showed search times in the range of healthy subjects or was labeled as ''unimpaired" because of their almost normal behavior in everyday life. Our results confirm the general conclusion that hemianopics' oculomotor performance should be analyzed in relation to task performance. The comparison of both patient groups with the task performance of the unimpaired healthy subjects suggests that HVFD A patients reached normal performance level at least in the DC task. In the CVS task, this group also performed in the range of normal controls with respect to error rates. The increased time requirements of this group was due to their compensatory gaze behavior during the comparative search, that is, a significantly elevated number of fixations and increased scanpath length (cf. Section 4.2). Error rates and search times of healthy subjects and HVFD A patients found in the present study are similar to those reported previously (cf. Tant et al., 2002; Zihl, 1995b Zihl, , 1999 . The group of HVFD I patients performed significantly worse than controls in both tasks. Still, the search times and errors rates reported here are smaller than those found in the studies mentioned above. This could be due to our small sample of only four inadequate patients.
Overall, the performance data supported the assumption that the CVS task was the more difficult one. The two data distributions of controls and patients in the DC task were overlapping widely. In contrast, the performance values (response time and error rate) of all controls in the more complex CVS task were below the respective medians of the patients' data distribution. Consequently, patients had more problems reaching normal performance levels in visual search than in dot counting.
The group assignments, derived from both response time and error rate, correlated highly both between these two measures and between the DC and CVS tasks; this hints towards a stable performance level across tasks for each patient. One reason for the task-independent performance could be the subject-specific use of effective compensatory strategies developed during everyday life tasks. Also, clinical and demographic characteristics could influence the ability to adequately perform the tasks. However, none of the demographic and clinical parameters listed in Table 1 was correlated with the task performance of the patients (data not shown). These findings are supported by other studies. Zihl (1999 Zihl ( , 2000 concluded that the presence, time since and severity of the HVFDs could not sufficiently explain the observed deficit. Also Pambakian et al. (2000) analyzed a task concerning viewing of naturalistic pictures and found that neither the location nor the size of the visual loss correlates with any of the analyzed oculomotor parameters. Additionally, in an ongoing own study investigating the HVFD patients' performance in a dynamic collision avoidance task, none of the clinical or demographic parameters could explain the patients' task performance (Papageorgiou et al., Submitted for publication).
Task demands and compensation strategies
The interpretation of task specific compensatory gaze behavior has to take into account three questions: what are the processing steps needed to solve a given task, how are these steps affected by hemianopia, and to what extend can gaze movements help overcome these processing deficits. Both tasks, DC and CVS, require scanning the visual field for target objects. Additionally, in the CVS task, objects and local object configurations have to be memorized and compared among each other. For the scanning part, compensatory gaze movements are likely to show increased scanpath length, increased number of fixations, and reduced saccadic amplitudes. In order to compensate for recognition deficits, increased fixation durations and therefore reduced scanpath lengths can be expected (Hardiess et al., 2008) .
In accordance with previous findings (Tant et al., 2002; Zihl, 1995b Zihl, , 1999 Zihl, , 2000 we found no significant differences in any of the investigated gaze parameters between subjects from the HVFD A group and healthy subjects in the DC task. This is in spite of the larger stimulus size of 60°by 40°used in our study. HVFD I patients showed significantly increased gaze parameters, including number of fixations, proportion of fixations to the side of HVFD, scanpath length, and repetition of fixations (cf. Table 6 ).
A completely different result was obtained for the cognitively more demanding comparative visual search paradigm. Here, the group of adequately performing patients also showed significant differences in their gaze behavior as compared to controls (cf. Table 6 ). The number of fixations and the scanpath length were increased, while the mean amplitude of saccades was decreased. It seems that HVFD A patients adapted by performing more fixations within each cupboard (CVS hemifield) while executing the same number of inter-hemifield gaze shifts as the controls. In a study conducted by Martin, Riley, Kelly, Hayhoe, and Huxlin (2007) , hemianopes also performed a cognitively demanding task, i.e. the assembling of wooden models. In this study, all patients showed performance parameters comparable with those of healthy subjects while no conspicuity due to saccade dynamics or spatial distribution of gaze were found. The authors suggest that in naturalistic situations, hemianopes may be able to compensate quite effectively for their visual loss, perhaps by more strongly relying on visuo-spatial memory. Since peripheral visual information, which guides saccade targeting, is missing, patients used more memory-guided saccades and look-ahead fixations. Furthermore, they fixated the target of an upcoming reach and apparently irrelevant locations more often than controls. Such behavior is thought to reflect increased updating of spatial information in visual working memory, on which homonymous hemianopes might rely to a greater degree than controls. Our results in the CVS task differ from the findings of Martin et al. (2007) in that compensatory gaze movements were found also in the HVFD A patients. Still, we suggest that the memory effects discussed above also play a role in the CVS task, most notably in the processing related to recognition of objects and object configurations. Gaze adaptations of the HVFD A patients are like to be related to scanning demands.
The CVS specific gaze adaptations found in the HVFD I patients can be divided in a subset related to scanning (i.e. increased number of fixations, increased proportion of fixations to deficit side and reduced saccadic amplitude) and a second subset consisting of a reduced number of inter-hemifield gaze shifts and longer fixation durations. This second pattern was also found in an earlier study on CVS gaze adaptations where different costs were associated with inter-hemifield gaze shifts (Hardiess et al., 2008) . With this gaze strategy subjects increased the involvement of visual working memory to avoid gaze saccades while memorizing larger chunks of information. We therefore suggest that in the present study, HVFD I patients attempt to solve the CVS task also with increased working memory involvement. The fact that they don't succeed thus hints towards a working memory problem. Lesion evidence for working memory deficits will be discussed below (cf. Section 4.3).
In conclusion, the gaze movement pattern reported here can be interpreted as follows: in the DC task, adequate patients perform on the level of normals without gaze movement compensation. We therefore assume that this compensation is brought about by increased working memory involvement. Inadequate subjects attempt compensation by gaze movements suitable for scanning tasks, but still do worse than the adequate patients, presumably due to insufficient working memory use. In the CVS task, compensation for both scanning and object recognition components must be achieved. Adequate patients use compensatory gaze movements of the scanning type and are thus able to reach normal performance levels. It can therefore be assumed that the effect of HVFD on object recognition is again compensated by working memory processes. If it is true that inadequate patients suffer from working memory deficits, they might attempt to compensate for both, scanning and recognition deficits simultaneously, thereby producing a novel pattern of gaze movement adaptations.
With respect to head movements in HVFD patients, previous studies reported smaller head movement proportion in combined head-eye saccades (Zangemeister, Dannheim, & Kunze, 1986; Zangemeister et al., 1982; Schoepf & Zangemeister, 1992 , 1993 . It was argued that head movement programming, which is more complex than eye movement programming alone, takes more time for HVFD patients. Consequently, the head movement proportion is reduced due to a malfunctioning coordination of the eye and head. In contrast, we found in the head unrestricted CVS task, that head amplitudes of HVFD A patients were within the same range as those of healthy controls (i.e. about ±9.0°). Furthermore, the group of HVFD I patients used a wider range of head movements (i.e. about ±14.0°). Interestingly, the proportion of head movement towards the impaired hemifield was larger in the HVFD I patients than in the HVFD A patients. One difference in experimental design that might account for the results from our and previous studies may be the large stimulus area used for the CVS task (i.e. up to ±45°). In any case, we suggest that HVFD patients use head movements in order to achieve additional compensation in a task specific manner.
Brain lesions and lateralization effect
We found a tendency for a lateralization effect related to the task performance between both HVFD patient groups. All except one patient in the poorly performing HVFD I group have lesions in the right brain hemisphere. However, this hemisphere is affected Mazer, & Sofer, 2000; Mazer, Korner-Bitensky, & Sofer, 1998; Meerwaldt & Van Harskamp, 1982) . In a dot counting paradigm Tant et al. (2002) reported that patients with left-sided hemianopia had increased error rates and search times. This lateralization effect was also visible in healthy subjects with simulated visual field loss, indicating that lateralization is not a result of lateralized brain damage. Therefore, the role of lateralization for visual scanning deficits remains elusive. Zihl (1995b) suggested that the variability in HVFD compensation depends on the extent of brain injury and that parieto-occipital and posterior thalamic lesions may be responsible for insufficient compensation. On the other hand, Tant et al. (2002) observed clear parallels between simulated and real homonymous hemianopes, suggesting that hemianopic scanning behavior is primarily visually elicited, namely by the HVFD, and not by the additional brain damage. However, both studies refer to a simple laboratory task, i.e. dot-counting. For cognitively more demanding tasks, such as CVS or block assembly (Martin et al., 2007) , an involvement of other brain regions, especially regions dealing with visuo-spatial memory, seems possible.
In our study, performance differences between HVFD I and HVFD A patients were much higher in the CVS than in the DC task. The inadequately performing patients have more difficulties in solving the more complex visual search task. Concerning visual processing there is clear evidence in the literature that spatial working memory performance interferes with visual search. This could be shown for the visuo-spatial sketchpad as part of working memory (Oh & Kim, 2004; Soto & Humphreys, 2008; Woodman & Luck, 2004) as well as for the central executive component (Han & Kim, 2004; Peterson, Beck, & Wong, 2008) . Furthermore, results from other groups demonstrate that damage to the right posterior parietal cortex (rPPC) leads to a generalized deficit in visual working memory across a range of stimuli and encoding tasks (see Berryhill & Olson, 2008; Smith & Jonides, 1998; Todd & Marois, 2004) . These results seem to suggest that the HVFD I patients' particularly poor performance in the CVS task might be due to an impairment of their spatial memory resulting from lesions of the rPPC. However, we found a rPPC lesion only in one (ECG) of the four HVFD I patients. The other HVFD I patients have visual field defects based on occipital lesions (ANE and ULH) or the left parietal region (AIH). Thus, the lesion analysis does not support the assumed role of spatial memory for the inadequate performance of this group of patients.
A further anatomical analysis identified three lesion sites as unique to HVFD I patients: mesio-ventral areas of the temporal lobe (i.e. the fusiform gyrus), the inferior occipital lobe, and the parahippocampal gyrus. Regarding the site of brain lesion, our results are consistent with a recent study on hemianopes in visual search (Machner et al., 2009) , which showed that mesio-ventral areas of the temporal lobe were damaged in at least half of the severely impaired patients but spared in the mildly impaired patients. Temporal regions belong to the ventral processing visual stream, thought to be involved in the visual recognition of objects, including color, texture and form information (Ungerleider & Mishkin, 1982) and may also play a role in the control of attention (Goodale & Milner, 1996; Ungerleider & Pasternak, 2004) .
Lesions of the mesio-ventral temporal areas and V4 might have affected object recognition and subsequently visual search of HVFD I patients as also suggested by Machner et al. (2009) . Disturbance of attentional modulation within the ventral processing stream and damage of its connections with temporal lobe areas and the prefrontal cortex might be a further reason for impaired visual search, through deficits in visuo-spatial memory. In addition, we found that the parahippocampal gyrus is commonly affected in HVFD I patients. Since the parahippocampal gyrus serves as the main input-output pathway between the hippocampus and cortical association areas, its damage can lead to many cognitive deficits including deficits in memory storage or retrieval from other brain areas.
However, these findings are still subject to interpretation, because our lesion-mapping analysis has some limitations. First, our results are derived from a small number of patients with available MRI scans and the two groups of patients had unequal sizes. Secondly, the brain lesions were mirrored onto the right hemisphere (as in the study of Machner et al., 2009) , in order to perform overlapping and subtraction analysis in a greater number of patients. However, the side of the brain lesion, as suggested by many studies and our results above (lateralization effect), might be decisive when studying visual exploration. Therefore, analysis in a larger group of patients separately for right-and left-sided lesions is needed. Yet, our findings are in accordance with previous studies which suggested that the occipitotemporal gyrus, and presumably the parahippocampal gyrus, might be involved in disturbances of visual search after unilateral vascular brain damage.
Conclusions
By analyzing the adaptive gaze behavior of patients with HVFDs, we identified two groups of patients differing in their capability to solve two different visual scanning tasks. The HVFD A patients spontaneously and adequately compensate for their visual field loss in the cognitively unchallenging sampling task as well as in the more demanding comparative visual search task. Although their oculomotor parameters in the DC task did not differ from those of healthy subjects, the HVFD A patients' gaze (eye and head movement) behavior showed increased compensational adaptations in the CVS task. For the inadequately performing patients (i.e. HVFD I patients) the pattern of compensational gaze movements differed from the HVFD A patients' pattern. Still, regardless of their increased adaptations, these patients failed to perform the two scanning tasks as accurately as controls or adequate patients.
We suggest that the difference between adequately and inadequately performing patients is due to reduced working memory availability in the HVFD I patients. In the DC task HVFD I patients therefore need to compensate with eye movements whereas HVFD A patients can rely on working memory. In the CVS task, working memory is needed for object recognition, such that scanning compensation now has to be achieved via gaze movements also in HVFD A patients. The HVFD I patients attempt to compensate by gaze movements for both, scanning and recognition demands, but fail. In terms of cortical lesions, losses unique for HVFD I patients are found mostly in the ventro-mesial temporal lobe.
In general, we argue that comparative studies using visual tasks with varying processing demands are needed to understand gaze movement behavior in hemianopes. Such tasks will require realistic, large field stimulus displays and simultaneous measurements of head and eye movements.
